Abstract-In this paper, a novel microstrip-fed compact antenna with triple band-notched characteristics is presented for ultrawideband (UWB) applications. The antenna consists of a circular radiating patch, a 50 Ω microstrip feed line, a partially slotted ground plane, and a pair of modified capacitance loaded loop (MCLL) resonators. The novel resonators are symmetrically located in the vicinity of the feed line to achieve triple band-notched characteristics, such as 3.4-3.7 GHz for WiMAX, 5.15-5.825 GHz for WLAN, 7.25-8.395 GHz for X-band satellite communication. The good performance of triple notched bands, stable gain and omnidirectional radiation patterns in the operating bands make the proposed antenna a good candidate for UWB utilization.
INTRODUCTION
Since the Federal Communication Commission (FCC) released the frequency band of 3.1-10.6 GHz for commercial communication ultrawideband (UWB) systems, both industry and academia have exerted tremendous efforts on the UWB radio technology [1] . Antenna, as a key component of the UWB communication systems, has been investigated by many researchers. Nonetheless, antenna design still faces many challenges for UWB applications. One of the notable challenges is to avoid electromagnetic interference (EMI) with other existing narrowband services that occupy part of spectrum in the UWB band, such as 3.3-3.7 GHz for Worldwide Interoperability for Microwave Access (WiMAX) service, 5. 15-5.35 & 5.725-5.825 GHz for Wireless Local Area Network (WLAN) services, and 7.25-7.745 (Down-Link) & 7.9-8.395 GHz (Up-Link) for X-band satellite communication services. To avoid the EMI problem, discrete band-stop filters are used in some UWB applications to filter the undesirable frequency bands. However, using the filters will inevitably put more complexity or constraint on the UWB systems. Therefore, a compact UWB antenna with multiple notched bands is desirable.
In order to obtain UWB antenna with band-notched characteristics, several methods have been proposed and demonstrated. One of the most popular approach is cutting different shaped slots in the radiation patch or the ground plane, such as U-shaped slot [2, 3] , C-shaped slot [4, 5] , L-shaped slot [6, 7] , pi-shaped slot [8] , and H-shaped slot [9] . Another common way is introducing parasitic strips near the radiation patch or the ground plane [10] [11] [12] [13] [14] [15] [16] [17] . There are also other methods to realize the band-notched property. For example, in [18] , a notched band around 5.5 GHz is obtained by embedding a pair of T-shaped stubs inside an elliptical slot in the radiation patch; the complementary split-ring resonator (SRR) is employed near the feed line to generate notched bands in [19] ; the antenna in [20] uses a coupled C-shaped parasitic structure to obtain a band-notched function. However, most antennas of the previous works can realize only one or two notched bands. Furthermore, since each notch structure of the antennas aforementioned can achieve only one rejected band, multiple or various notch structures are required to yield multiple notched bands.
In the paper, a novel microstrip-fed planar UWB antenna with triple band-notched characteristics is proposed. To realize the triple band-notched property, a novel modified capacitance loaded loop (MCLL) resonator is introduced and studied. By symmetrically placing a pair of the MCLL resonators in the vicinity of the feed line of the UWB antenna, three notched bands with central frequencies at 3.55, 5.5 and 7.8 GHz can be achieved. Moreover, compared with the notch structures mentioned in the antennas above [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , the MCLL resonator has triple resonant frequencies that result in the generation of three notched bands of the UWB antenna. The proposed design is simulated using the ANSYS High Frequency Structure Simulator (HFSS), a commercial 3-D full-wave electromagnetic simulation software. The antenna prototype is fabricated and measured to demonstrate the feasibility of the proposed design strategy.
MODIFIED CAPACITANCE LOADED LOOP RESONATOR

The Evolve Process of the Proposed Resonators
The novel MCLL resonator is introduced to achieve the triple band-notched characteristics in this paper. Figure 1 shows the evolvement process on how to obtain the proposed MCLL structure. Type I is the conventional capacitance loaded loop (CLL) resonator. Similar to the SRR resonator, the conventional CLL resonator has its own resonant frequency which can be approximated using the following expression [21] 
where L cll is the total length of the CLL structure, ε eff the effective dielectric constant, and c the speed of light. Type II structure is developed from conventional Type I resonator. In the structure of Type II, the midline is attached to the ground plane by a pair of short-circuited lines. Based on the Type II structure, the midline of Type III structure is connected to a pair of folded open-circuited lines. To simplify the design of the structures, all line widths are set to 0.3 mm. In order to analyze the frequency response characteristics of the various structures shown in Figure 1 , a 50 Ω microstrip line with a pair of symmetrical resonators (Type I, II, and III) is simulated and discussed. Each pair of resonators is symmetrically placed on both sides of the microstrip line as the Type III filtering structure shown in Figure 2 . All the gaps between the microtrip line and the resonators are set as 0.15 mm. Figure 3 shows the simulated results of the two-port filtering structures which are printed on the substrate with thickness of 1 mm, relative dielectric constant of 4.4 and loss tangent of 0.02. To achieve the characteristic impedance of 50 Ω, the width of the microstrip line is chosen as 1.86 mm. The simulated results indicate that the conventional Type I resonator displays only a single resonant frequency at f 3 within the UWB band (3.1-10.6 GHz), where the dimension of the resonator can be determined using the Formulas (1). Comparing the simulated results of Type II with the conventional Type I structure, it can be seen that the addition of the pair of short-circuited stubs results in the formation of a new resonance at f 1 , while the original resonance at f 3 is maintained. With the addition of the open-circuited stubs in the Type III structure, another new resonant frequency at f 2 is obtained. Therefore, a novel MCLL resonator with triple resonant characteristics is achieved. And the Type III filter exhibits three rejected bands with central frequencies at 3.55 (f 1 ), 5.5 (f 2 ), and 7.8 GHz (f 3 ). The design parameter of the MCLL resonator is as followings:
Equivalent Circuit Model of the Proposed Structures
For each resonant frequency response of the band-rejected filters mentioned above, the corresponding equivalent model can be demonstrated using the shunted series LC resonant circuits. Therefore, the proposed Type III filter can be equivalent to three shunt-connected series LC resonance circuits as shown in Figure 4 (a). L i and C i (i = 1, 2, 3) represent values of the inductor and capacitor for each series resonant circuits. To predict the bandwidth of the series resonant circuit, the ||S 11 | of the equivalent circuits can be expressed as where Z 0 is the value of the characteristic impedance. For a frequency near the resonant frequency (ω 0 )
Then the −10 dB bandwidth of |S 11 | can be deduced using the following equations:
Thus, the −10 dB bandwidth can be given by
Using Expressions (4), (5), (6) and (7), the initial values of L i and C i (i = 1, 2, 3) for each series resonant circuits can be calculated respectively. After that, those values of the equivalent circuit model can be tuned and optimized using the software of ADS 2009. The simulated |S 11 | results are described in Figure 4 (b), which validate the equivalent circuit model.
Key Parameter Study for the Proposed Structure
In order to analyze the parameter conveniently, the Type III structure can be replaced by the structure of Type III shown in Figure 5 . Some key parameters of the Type III filtering structure are analyzed and discussed. Figure 6 shows the simulated |S 11 | results with different values α 3 , while the other parameters are fixed. It can be seen that the resonant frequency f 3 decreases as α 3 increases from 35.5 • to 55.5 • . Figure 7 indicates the simulated results according to various angle α 2 of the arc lines. As can be seen from the simulated results, the increase of α 2 will result in decrease of resonant frequencies f 1 and f 2 . It can also be found that the change of α 2 has little impact on the resonance at f 3 . The simulated results with different values of α 1 are demonstrated in Figure 8 . As α 1 increases from 9 • to 29 • , the resonant frequency f 1 shifts down dramatically while the other resonances at f 2 and f 3 change slightly. This indicates that f 1 is more susceptible to α 1 . Therefore, in order to obtain the proposed structure with desired resonant frequencies at 3.5 (f 1 ), 5.5 (f 2 ), and 7.8 GHz (f 3 ), the following three steps are required. The f 3 resonance can be firstly determined to 7.8 GHz by adjusting the parameter α 3 . Then, the parameter α 2 is tuned to obtain the desired resonance at 5.5 GHz which is because the variation of α 2 does not affect f 3 . The last step is to obtain the desired f 1 at 3.55 GHz by adjusting α 1 , and the resonant frequencies of f 2 and f 3 will not be affected in the meantime. Finally, the resonator with triple resonant characteristics can be achieved, and the proposed Type III filter exhibits three rejected bands with central frequency around 3.55, 5.5, and 7.8 GHz.
TRIPLE BAND-NOTCHED ANTENNA
Geometry of the Proposed Triple Band-Notched UWB Antenna
The proposed triple band-notched monopole antenna is shown in Figure 9 . The designed antenna mainly comprises a circular-shaped radiation patch, a modified ground plane and a couple of symmetrical MCLL elements. In order to enhance the impedance bandwidth, a rectangular slot underneath the feed line Figure 9 . Geometry of the proposed antenna. is etched on the ground plane. Identical to the filtering structures above, the proposed antenna fed by a microstrip line is printed on an FR4 substrate with thickness of 1 mm, relative dielectric constant of 4.4 and loss tangent of 0.02. The width of the feed line is also chosen as 1.86 mm as the microstrip line of the filtering structure. In order to achieve the triple band-notched characteristics, a couple of MCLL resonators are symmetrically placed near the feed line to generate three notched bands with central frequencies at 3.55, 5.5 and 7.8 GHz. Based on the optimized dimensions given in Table 1 , a prototype of triple band-notched antenna for UWB applications is designed and fabricated. Figure 10 presents a photograph of the constructed antennas. Figure 11 shows the simulated |S 11 | results against the frequency response for the proposed antenna. The UWB antenna corresponds to the proposed antenna without the MCLL resonators. And the simulated results of the proposed filter (Type III) are also shown for comparison. The UWB antenna corresponds to the proposed antenna without the MCLL resonators. From the figure it can be seen that, similar to the filter, the proposed antenna also realizes the three desired notched bands with central frequencies at 3.55, 5.5 and 7.8 GHz. To further explain the performance, the simulated surface currents distributions of the proposed antenna at three resonant frequencies are shown in Figure 12 . As shown in Figure 12 (a), a significant amount of current at 3.55 GHz is distributed on the additional pair of short-circuited stubs of the MCLL resonators. It can be seen that most of the input energy is coupled from the feed line to the resonators, and then flows to the ground plane through the pair of shorted lines, thus generating the notch resonance at f 1 . As can be seen in Figures 12(b) and (c), the current distribution at 5.5 GHz is mainly concentrated on the pair of open-circuited stubs, while the current at 7.8 GHz is mainly distributed on the conventional CLL structures of the proposed MCLL resonators. These structures capture and store most of the input energy at the resonant frequencies f 2 and f 3 , (a) (b) (c) Figure 12 . Simulated current distribution of the proposed antenna at three resonant frequencies of (a) 3.55 GHz, (b) 5.5 GHz, and (c) 7.8 GHz. which results in another two notch properties. Therefore, by employing the proposed MCLL resonators, the UWB antenna with triple band-notched characteristics is achieved.
Analysis of the Proposed Antenna
MEASURED RESULTS AND DISCUSSION
Based on the optimized parameters of the proposed triple band-notched UWB antenna, an antenna prototype was successfully fabricated and measured. Figure 13 displays the measured and simulated |S 11 | results of the designed antenna. It can be observed that the designed antenna exhibits three rejected bands of 3.36-3.75, 5.15-6.0, and 7.07-8.7 GHz, while achieving a wideband performance from 3 to 11 GHz for |S 11 | < −10 dB. The discrepancy between measured and simulated results is probably owing to the fluctuation of dielectric constant or tolerance in manufacturing.
The measured radiation patterns in the E-(xy-) and H-(xz -) plane at 3, 4.5, 6.5 and 9.5 GHz are plotted in Figure 14 . It can be seen that the proposed antenna has a nearly omnidirectional radiation pattern in the H-plane and a dipole-like radiation pattern in the E-plane. The measured peak gains from 3 to 11 GHz are shown in Figure 15 . As illustrated in the figure, the gain decreases sharply in the vicinity of 3.55, 5.5 and 7.8 GHz. Outside the notched bands, antenna gains with variation of less than 3 dB are achieved, indicating stable gain performance across the operating bands.
CONCLUSION
This study presents a novel compact microstrip-fed printed monopole UWB antenna with triple bandnotched characteristics. A novel MCLL resonator is introduced to realize the triple band-notched feature in this paper. By adjusting the key parameters of the resonators that are placed in mirror with each other along the feed line, the desired rejected bands can be achieved. Furthermore, employing the resonators near the feed line does not perturb the radiating performance of the UWB antenna except three notched bands, which is the distinguishing feature of the proposed method to generate the bandnotched characteristics. Moreover, the simple structure, compact size and excellent performance make the proposed antenna a good candidate for various UWB applications.
